Magnetism and mechanical stability of α-iron by Hsueh, H. C.
PHYSICAL REVIEW B 66, 052420 ~2002!Magnetism and mechanical stability of a-iron
H. C. Hsueh,1 J. Crain,2 G. Y. Guo,3 H. Y. Chen,1,4 C. C. Lee,1 K. P. Chang,1 and H. L. Shih1
1Department of Physics, Tamkang University, Tamsui, Taiwan 251, Republic of China
2Department of Physics and Astronomy, The University of Edinburgh, Mayfield Road, Edinburgh EH9 3JZ, United Kingdom
3Department of Physics, National Taiwan University, Taipei, Taiwan 106, Republic of China
4Academia Sinica Computing Center, Nankang, Taiwan 115, Republic of China
~Received 18 March 2002; published 29 August 2002!
Ab initio electronic structure calculations employing the fixed-spin moment procedure and the generalized
gradient correction are used to explore the mechanical stability of a-iron and related magnetic materials,
including body-centered-cubic cobalt and ziconium. The mechanical stability is found to depend sensitively on
the magnetization. At relatively low values of the magnetization, specific vibrational and elastic instabilities are
identified and are interpreted in terms of the behavior of the electronic density of states at the Fermi level.
These results also raise the possibility of influencing the stability of bulk magnetic phases by external fields.
DOI: 10.1103/PhysRevB.66.052420 PACS number~s!: 75.30.Kz, 71.15.Mb, 81.30.BxBasic issues surrounding the role of magnetism in the
structural stability of materials remain poorly understood.
The urge to explore these issues is partially driven by poten-
tial applications to exotic thin films and artificial magnetic
structures. First principles materials simulation based on the
local spin density approximation is emerging as an important
technique and has opened opportunities for exploring the
structural and electronic properties of magnetic materials.
Historically, emphasis has focused on comparisons of the
calculated dependence of total energy and magnetization on
volume. The main result is that spin-polarized ab initio meth-
ods account for the thermodynamic stability of ferromagnetic
bcc iron relative to nonmagnetic hcp iron under ambient
conditions1 and the decrease of the magnetic moment with
increasing pressure. More recently, these computational total
energy techniques have been extended to explore the struc-
ture and dynamics of liquid iron2 and the effect of magne-
tism on surface alloys3 and magnetically induced buckling.4
The presence of a minimum in the total energy as a func-
tion of volume does not guarantee the stability or even meta-
stability of a given structure. A structure may be elastically
unstable as in the case of body-centered-cubic cobalt, or it
may exhibit vibrational instabilities where specific phonon
modes have nonpositive frequencies. These are examples of
mechanical instabilities as distinct from a thermodynamic
instability of one structure with respect to an energetically
more favorable one. A detailed account of elastic instabilities
in nonmagnetic materials can be found in the paper by Mi-
zushima et al.5
The role of magnetism on the mechanical stability of
magnetic phases has, however, received comparatively little
attention. Very recent first-principles elastic constant calcula-
tions demonstrated that magnetization can either stabilize an
elastically unstable structure or cause a stable structure to
became elastically unstable.6 For example, nonmagnetic bcc
Fe is elastically unstable because it has a negative shear elas-
tic constant (C8), whereas ferromagnetic bcc Fe is a stable
structure ~all Ci j.0). On the other hand, nonmagnetic hcp
Fe is elastically stable while ferromagnetic hcp Fe is unstable
@both (C112C12) and C55,0].0163-1829/2002/66~5!/052420~4!/$20.00 66 0524In this paper we explore directly the effect of magnetism
on mechanical properties of crystalline iron and cobalt em-
ploying ab initio fixed spin calculations. These calculations
imply that magnetism plays a major role in the mechanical
properties of these and related materials and can be linked to
the appearance of specific elastic and vibrational instabilities.
Spin-polarized density functional total energy calculations
are performed using a plane-wave basis set and ultrasoft
pseudopotentials generated by the Vanderbilt scheme.7 The
equilibrium lattice structure was determined by relaxation
under the influence of Hellmann-Feynman forces and
stresses.8 In the present calculations, the 3s and 3p electrons
are treated as core states and then a nonlinear core correc-
tion9 is applied to account for the nonlinear core-valence
electron interaction. In order to obtain accurate ground-state
properties of transition metals,6 we use a generalized
gradient correction to approximate the electronic exchange
and correlation contribution to the total energy. An energy
cutoff of 500 eV was used for the expansion of the plane-
wave basis set leading to a total energy convergence to better
than 3 meV/atom. Regarding the k-space discontinuity of
metals, the Brillouin zone ~BZ! sampling is carried out on a
13313313 Monkhorst-Pack10 k-point grid which yields 120
k points in the irreducible BZ wedge.
Meanwhile, the phonon dispersion relations can be deter-
mined within the electronic structure calculation scheme by
making a small set of displacements giving rise to forces on
all other atoms. Exploitation of symmetry allows for the con-
struction of the full lattice dynamical matrix. The vibrational
mode frequencies and associated eigenvectors were then cal-
culated by a direct matrix diagonalization. Dispersion curves
are obtained from a supercell technique based on the meth-
ods in Ref. 11
Furthermore, the magnetic contribution to both structural
and dynamical stabilities are elucidated by comparing the
calculated total energies and phonon dispersion curves of
both a unconstrained self-consistent spin-polarized density
functional calculation12 and a doubly constrained fixed-spin-
moment calculation13 in which we can freeze the spin popu-
lations corresponding to specific magnetic moments.©2002 The American Physical Society20-1
BRIEF REPORTS PHYSICAL REVIEW B 66, 052420 ~2002!TABLE I. The theoretical ~Theo! lattice constant (a0), atomic volume (V0), elastic constants, and magnetic moment ms of bcc Fe ~a!,
hcp Co ~b! and fcc Ni ~c!. The experimental values ~Expt! ~Ref. 14! for ferromagnetic bcc Fe, for ferromagnetic hcp Co and ferromagnetic
fcc Ni are also listed for comparison.
~a!
bcc Fe a0 V0 B C8 C11 C12 C44 ms
Å Å3/atom Mbar Mbar Mbar Mbar Mbar mB
Theo 2.82 11.15 1.92 0.63 2.76 1.50 1.18 2.22
Expt 2.87 11.82 1.72 0.48 2.32 1.36 1.17 2.22
~b!
hcp Co a0 c/a V0 B C111C12 C112C12 C11 C12 C13 C33 C55 ms
Å Å3/atom Mbar Mbar Mbar Mbar Mbar Mbar Mbar Mbar mB
Theo 2.51 1.62 11.17 2.09 4.22 1.93 3.07 1.15 1.70 3.52 0.96 1.63
Expt 2.51 1.62 11.09 1.91 4.72 1.42 3.07 1.65 1.03 3.58 0.76 1.58
~c!
fcc Ni a0 V0 B C8 C11 C12 C44 ms
Å Å3/atom Mbar Mbar Mbar Mbar Mbar mB
Theo 3.54 11.09 1.87 0.49 2.50 1.54 1.26 0.62
Expt 3.52 10.90 1.86 0.54 2.48 1.55 1.24 0.61We first determine the accuracy of our calculation method
for structural, elastic, and dynamic properties under ambient
and high pressure conditions. Ambient pressure properties
are shown in Table I where we compare the results of our
unconstrained pseudopotential calculations with available re-
sults from experiment. All computed structural and elastic
properties as well as the magnetization are in good agree-
ment with experimental values. The vibrational properties at
ambient and compressed volumes ~corresponding to a pres-
sure of 9.8 GPa! are shown in the lower panel of Fig. 2 and
Fig. 1, respectively. In both cases we find good quantitative
agreement with the results of recent neutron scattering results
of Klotz and Braden.15 In general our phonon frequencies are
FIG. 1. The calculated phonon dispersion curves of a-iron at 9.8
Gpa. The corresponding high-pressure neutron data ~Ref. 15! for
longitudinal ~open circles! and transverse ~closed circles! branches
are shown for comparison.05242slightly higher than the experimental values. This is attrib-
uted to the slight underestimate of the calculated lattice pa-
rameter ~Table I!. The results are in good agreement with
other calculations.16,17
We now turn our attention to the explicit effect of mag-
netism on the mechanical stability of the bcc structure. This
FIG. 2. The calculated phonon dispersion curves of a-iron with
respect to different atomic magnetization ~in mB) at ambient pres-
sure. The observed longitudinal and transverse branches are denoted
by open and closed symbols respectively.0-2
BRIEF REPORTS PHYSICAL REVIEW B 66, 052420 ~2002!is achieved through a constrained spin-polarized calculation
whereby we vary the magnetization at constant volume. The
effect of this procedure is shown in Fig. 2. We find the mag-
netization has a direct influence on the mechanical stability
of the bcc structure of iron. Specifically, at sufficiently low
values of the fixed magnetization, specific instabilities ap-
pear in the calculated phonon dispersion curves. We will ex-
plore three cases. In the lower panel we show the dispersion
curve from the unconstrained calculation where the equilib-
rium magnetic moment corresponds to a value of 2.2mB per
atom. Reduction of the atomic magnetic moment to 1mB
introduces an N-point zone boundary instability in the T1 as
shown in the center panel of Fig. 2. The displacement pattern
for this mode corresponds to adjacent layer shearing along
the @110# bcc crystallographic axes. This instability is related
to the Martensitic bcc-to-hcp phase transition. We note that
the calculated equilibrium volume is slightly different than
the experimental one. We have also performed calculations at
the correct experimental volume, and find that the instability
is still present.
Reducing the value of the fixed atomic magnetic moment
still further ~to zero! introduces a G-point instability. This
corresponds to an elastic instability ~i.e., negative elastic
constant for tetragonal shear!. This result is consistent with
the recent direct calculation of elastic constants in nonmag-
netic bcc iron which shows negative C85(C112C12)/2.6
The implication of these results is that bcc iron becomes
mechanically unstable at a relatively high value of the mag-
netization ~approximately one-half of the equilibrium mag-
FIG. 3. The calculated phonons of bcc Co in a fixed-spin-
moment scheme at atomic volume v511.36 Å 3. The upper,
middle, and lower panel corresponds to magnetic moments of 0mB ,
1.76mB , and 3mB , respectively.05242netization!. We have also found qualitatively similar behav-
iors in bcc Co ~Fig. 3! and Zr ~Fig. 4!, suggesting that the
conclusions may apply more widely.
The observed elastic instabilities ultimately have an un-
derlying electronic origin. We find evidence of this in the
behavior of the electronic density of states at the Fermi level
eDOS (EF). In the case of iron, calculations reveal not only
that the eDOS (EF) in the nonmagnetic state is much larger
than in the ferromagnetic state ~Fig. 5! but also that the re-
sponse of the eDOS (EF) to mechanical deformations is a
FIG. 4. Magnetization effects on bcc zirconium. Calculated pho-
non dispersion curves of m50mB ~upper!, 1mB ~middle!, and 2mB
~lower! are shown.
FIG. 5. Electronic density of states at the fermi level for non-
magnetic ~squares! and ferromagnetic iron ~triangles! as a function
of the T1 N-point zone boundary phonon amplitude.0-3
BRIEF REPORTS PHYSICAL REVIEW B 66, 052420 ~2002!sensitive function of magnetization. Specifically in the low
magnetization regime, eDOS (EF) decreases with phonon
amplitude suggesting a mechanical instability. By contrast, in
the high magnetization case, eDOS (EF) shows a very slight
increase as a function of phonon amplitude implying stabil-
ity of the undeformed structure. This is shown in Fig. 5. This
connection between the mechanical stability and electronic
density of states has been established only for iron, but we
may speculate that it applies more generally.
Some degree of external control of the magnetization is
afforded by the application of hydrostatic pressure through
the magnetovolume effect.18 Here compression tends to re-
duce the magnetic moment implying that pressure will have
a destabilizing effect on the bcc structure. Evidence for
pressure-induced N-point phonon softening is estimated to
occur at a pressure of about 100 Gpa. We note, however, that
this pressure is not the same as the thermodynamic transition
pressure which is, as expected, much lower.
These results raise the possibility that certain mechancial
instabilities in bulk magnetic materials can, in principle, be05242eliminated by applying external magnetic fields. As an ex-
ample we show the calculated phonon dispersion curves for
bcc cobalt which is mechanically unstable at ambient pres-
sure in Fig. 3. The figure shows that the structure can be
stabilized at ambient pressure by increasing the magnetiza-
tion by a factor of about 1.7. The required external field
would be impractically high in this particular case, but it
remains an intriguing possibility for other systems.
In summary, on the basis of fixed-spin moment ab initio
calculations we conclude that the mechanical stabilitity of
prototypical crystalline solids ~Fe, Co, and Zr! depends sen-
sitively on the magnitude of the bulk magnetization which
stabilizes the bcc structure against specific elastic or vibra-
tional deformations which have been identified. These are
then directly related to the differences in the electronic den-
sity of states at the Fermi level.
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